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ABSTRACT 

We present the results of near- infrared spectroscopic observations of dense 
( ^ 10^ cm~'^) iron ejecta in the young core-collapse supernova remnant G11.2- 
0.3. Five ejecta knots projected to be close to its center show a large disper- 
sion in their Doppler shifts: two knots in the east are blueshifted by more than 
1,000 km s~^, while three western knots have relatively small blueshifts of 20-60 
km s~^. This velocity discrepancy may indicate that the western knots have 
been significantly decelerated or that there exists a systematic velocity difference 
among the knots. One ejecta filament in the northwestern boundary, on the other 
hand, is redshifted by ^ 200 km s~^, while opposite filament in the southeast- 
ern boundary shows a negligible radial motion. Some of the knots and filaments 
have secondary velocity components, and one knot shows a bow shock-like fea- 
ture in the velocicty structure. The iron ejecta appear to be devoid of strong 
emission from other heavy elements, such as S, which may attest to the a-rich 
freezeout process in the explosive nucleosynthesis of the core-collapse supernova 
explosion close to its center. The prominent bipolar distribution of the Fe ejecta 
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in the northwestern and southeastern direction, along with the elongation of the 
central pulsar wind nebula in the perpendicular direction, is consistent with the 
interpretation that the supernova exploded primarily along the northwestern and 
southeastern direction. 

Subject headings: infrared: ISM — shock waves — supernovae: general — su- 
pernova remnants 



Introduction 



The final fatal scene of a massive ( ^ 8 Mq) star is a sudden collapse of its Fe core and a 
subsequent appearance of a supernova (SN). The study of the core-collapse SNe has been one 
of the centerpieces of the modern astrophysics, accompanying various fundamental physics 
aided by the state-of-art numerical simulations and dedicated observations. Although how 
the core-collapse SNe explode still needs to be understood despite extensive studies of the 
past and present, one unequivocal prediction is the formation of Fe ejecta as the final product 
of the nucleosynthesis deep inside a progenitor. Since the formation and expulsion of the Fe 
is very sensitive to the SN explosion details, the dynamics and chemistry of the Fe ejecta 
in young core-collapse SN remnants (SNRs) can in principle provide critical information 
to understanding the core-collapse SN explosion. However, Fe ejecta in SNRs are elusive, 
with very limited detections to date concentrated on hot diffuse X-ray ejecta. In the optical 
waveband, which is sensitive to dense, cold ejecta, all the observed ejecta are dominated by 
the O, N, Si, or S with little contribution from the Fe. So far dense Fe-rich ejecta have never 
been detected as far as we are aware, and we report here the first such case in Gil. 2-0. 3. 

Gil. 2-0. 3 is a young SNR thought to be the remains of the histo rical SN of AD 38 6 
( IClark fc Stephenson! 119771 ). It has a shell of 2' radius at 5 kpc distance (iGreen et al.lll988l ). 
brig ht both in the radio and X-rays, alon g with a central pulsar and its elongated wind neb- 
ula ( Green et al. 19881 : Kaspi et al. 2001). Gil. 2-0. 3 was proposed to be an evolved versio n 
of the Cassiopeia A (Gas A) SNR because of their similar radio shells (IGreen et al.lll988l ). 
and both may be a SN IIL/b with a red supergiant progenitor (iGhevalierl |2005| ) . Recently 
we discovered bri ght near-infrared (IR) [Fe II] emission from the Fe ejecta in Gil. 2-0. 3 
(IKoo et al. 1120071 . hereafter Paper I). The [Fe II] emission concentrates on two opposite fila- 
ments at its northwestern (NW) and southeastern (SE) boundaries, while numerous smaller 



^Based in part on data collected at Subaru Telescope, which is operated by the National Astronomical 
Observatory of Japan. 
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clumpy knots scattered across the SNR. Our high-resolution spectroscopic observations of 
the [Fe II] emission presented here reveal clear velocity differences among the Fe ejecta as 
well as its chemical composition, providing information for understanding the nature of the 
ejecta in connection with the core-collapse SN explosion in Gl 1.2-0.3. 



Observations and Results 



We performed near-IR [Fe II] line spectroscopic observation s of the SNR Gll.2 -0.3 in 
2006 June 6-9 using the Long-slit Near-Infrared Spectrograph (ILarkin et al.l Il996l ) of the 
Palomar 5-m Hale Telescope. The long-slit spectrograph is equipped with a NICMOS 256 
X 256 pixels HgCdTe detector, and the slit length and width were 38" and 1", respectively. 
We first obtained high-resolution [R ^ 4000) spectra of the [Fe II] 1.644 fim line from five 
bright Fe knots (which we name knots A-E) around the central pulsail^ and the NW and 
SE filaments, measuring their radial velocities (Fig. [T]). We then observed the knots and 
filaments with the low-resolution {R ~ 700) mode to detect both [Fe II] 1.644 and 1.599 {im 
lines simultaneously and used their line intensities to calculate the electron number densities 
(see below). We also observed He I (1.083 /im) and [S II] (1.029-1.037 /im) lines from the 
knots and filaments, but detected only the He I line emission from the SE filament. All 
the knots and filaments were observed at least twice dithered along the slit, and the sky 
emission, including the OH sky lines, was subtracted using the dithered fr ame. In addition. 



we ob served the knot A with the Infrared Camera and Spectrograph (IRCS: lKobayashi et al. 



20001 ) of the 8-m Subaru Telescope on 2006 July 25. We obtained a spectrum covering almost 
the entire near-IR atmospheric windows of zJHK bands in the range of 1.03-2.49 fim using 
the echelle mode with two Aladdin HI 1024 x 1024 InSb arrays. The slit width of IRCS was 
0."54 which corresponds to the spectral resolution R ~ 5,000. 

Fig. [1] presents the Palomar near-IR spectra of the [Fe II] 1.644 /zm transition of five Fe 
knots projected to be around the center and two Fe filaments at the NW and SE boundaries 
of Gll.2-0.3 overlaid on a [Fe II] 1.644 /im line emissio n image (Paper I) . The contours 
in the main left panel represent the VL A radio image (IGreen et al.l 119881 ) . In the right 
panel, the thick solid contour delineates the boundary of the strong Chandra X-ray emission 
of the pulsar wind nebula (PWN) elongated in the northeastern (NE) and southwestern 
(SW) direction, w hile the red dashed contour represe nts the boundary of the PWN from 
radio tomography (IKaspi et al.ll200ll : iTam et al.ll2002l ). The ejecta knots are projected to 



^The pulsar is located very close to the geometrical center of Gll.2-0.3 (jKaspi et al, 
the pulsar position as the central position of the SNR in this study. 



20011 ) , and we adopt 
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be within or close to the radio boundary of the PWN. The [Fe II] spectra exhibit clear 
velocity differences among the knots and filaments: A, B in the east are blueshifted by ^ 
1,000 km s~^; C, D, E in the west have relatively small blueshifts of ^ 60 km s~^. The 
NE filament, in contrast, shows redshifts of ^ 200 km s~^; the SW filament has a small 
Doppler shift motion of -10 km s~^. The NW-SE direction of the two filaments is almost 
perpendicular to the NE-SW elongation direction of the X-ray PWN. We note that in the 
spectra of the knots C and D there appear to be weak emission components around -1,000 
km s~^, which are mainly caused by the imperfect sky subtraction of the OH sky line at 
1.6389 fim. The imperfect sky subtraction is also responsible for the negative dips adjacent 
to the emission components in the spectra. However, for the knot C, in addition to the 
contribution from the imperfect sky subtraction, we find that there might be additional 
emission from the source itself around -1,000 km s~^, although the intensity is too faint to 
be confirmed. Similarly the weak emission component in the knot B around km s~^ is also 
caused by the imperfect sky subtraction of the OH sky line at 1.6442 ^m. 

The [Fe II] 1.644 /xm line spectra in Fig. [1] show deviations from a simple symmetric 
shape except for the SE filament. It is apparent for B, C, and E with broad double-peak or 
flat-top profiles, while A, D, and the NW filament appear to have relatively weak secondary 
components slightly deviating from a symmetric profile. Fig. [2] compares their position- 
velocity (P-V) diagrams of the [Fe II] 1.644 //m line emission, revealing the velocity structures 
more clearly. A and B in the east have secondary velocity components redshifted from the 
main component by ^ 200 km s~^; to the contrary, C, E and the NW filament in the west 
have blueshifted secondary components. For the knot A, its central part appears to have 
a bow shock-like feature in the P-V diagram (see below). In Fig. [3] we present the P-V 
diagrams of the entire velocity range of -1400 and 400 km s~^ covered by our observations, 
highlighting negative pixels caused by the subtraction of a dithered frame by contours. The 
aforementioned negative OH residuals are visible in some panels, especially in (d), while 
there is no bright Fe emission outside the velocity ranges covered in Fig. [21 

Fig. m (top panel) presents our Subaru spectrum of the knot A covering most of the 
near-IR atmospheric windows in the 1.02-2.4 /im range. Only the lines from Fe ion (Fe"*") 
are detected, including the strong transitions at 1.257 and 1.644 fim and relatively weak 
ones at 1.321, 1.534, and 1.664 /im. The spectrum is somewhat noisy at ^ 1.1 fim, but 
appears to be devoid of the S ([S II] ~ 1.290-1.037 fim and [S I] 1.082 /im) and O (O I 
~ 1.129 /im) lines which are much brighter than the Fe lines in the 0-rich SN ejecta of 
Gas A (iGerardy fc Fesenll200ll ). The upper limits, at the 90 % confidence level, of the line 
intensities of these lines are approximately 0.17 ([S II] lines), 0.15 ([S I] line), and 0.47 (O I 
lines) times of that of the [Fe II] line at 1.257 /tm. If the Gas A ejecta suffered the same 
extinction Ay ~ 13 of Gil. 2-0. 3, the [S II] lines would be ~ 10 times brighter than the 
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[Fe II] line at 1.257 fim, while the [S I] and O I lines would be roughly as bright as the [Fe II] 
line, indicating that the dense [Fe II] knots in Gil. 2-0. 3 are different from the 0-rich ejecta 
found in other SNRs such as Gas A. The absence of He I line (1.083 /xm) in the spectrum of 
the knot A is also consistent with its ejecta origin, not the circumstellar origin. The upper 
limit of the He I line is almost the same as that of the [S I] line. The inset in Fig. H] shows a 
magnified view of the [Fe II] 1.644 /jm line emission, identifying a weak velocity component 
at the longer wavelength buried in the main component. The bottom panel presents a bow 
shock-like P-V diagram of the 1.644 fim line emission: the weak velocity component in 
the line profile appears as the redshifted emission at the both edges compared to the peak 
emission at the center in the P-V diagram. 

The electron number densities of the knot A and the NW filament based on the intensity 
ratios of the [Fe II] 1.644 and 1.599 fim transitions are ~ 3 x 10^ and ~ 5 x 10^ cm~^, 
respectively. (Note that it is ~ 7 xlO^ c m~^ for the SE filan ient [Paper I].) For this we used 



the atomic parameters from GLOUDY (IFerland et al.lll998l ) and solved the rate equations 



of 16 levels. We also corrected for the extinction effect of Ay = 13 mag and assumed the 
electron temperature to be 5,000 K. The observed (= reddened) fluxes of the 1.644 //m line 
emission of the five ejecta knots (A-E) are in the range of (3.8-9.0) x 10~^^ ergs sec~^ cm~^, 
which, together with the above electron number density of the knot A, corresponds to the 
mass of the ejecta knots in the range of (0.8-1.8) x 10~^ Mq. 



3. Discussions and Conclusions 



The [Fe II] emission in Gil. 2-0. 3 primarily consists of two bipolar filaments in the 
NW and SE boundaries and clumpy internal knots scattered across the SNR. In Paper I 
we proposed an interpretation that the internal knots and the NW filament are Fe ejecta 
from the SN explosion, while the SE filament has contributions from both the Fe ejecta and 
swept-up circumstellar material (GSM). Our results here reaffirm the previous interpretation 
and also provide new information as follows. First, the large ( ^ 1,000 km s~^) blueshifts 
of the two eastern knots (A, B) evince that they are indeed Fe ejecta produced in the SN 
explosion. Their radial velocities are roughly co mparable to those of the SN ejecta knots in 
other youn g SNRs (e.g. , iGhavamian et al.ll2005l ). while they move much faster than shocked 



GSM (e.g., iFesenI 1200 ll ). The lack of strong emission from any elements other than Fe is 



consistent with the interpretation of the SN ejecta origin of A, B as well. The ejecta nature 
of A, B then asserts that other Fe knots are SN ejecta, including G, D, E in the west. For the 
NW and SE filaments, the former shows the large redshift of ^ 200 km s~^, which, together 
with its knotty emission feature along the inner boundary of the SNR shell, supports the 
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interpretation that it is an aggregate of Fe SN ejecta knots. The absence of any significant 
Doppler shift in the SE filament, on the other hand, confirms its location at the tangential 
boundary of Gil. 2-0. 3, and the detection of the He I (1.083 /im) line emission (see § 2) 
manifests the existence of the swept-up GSM in the SE filament in addition to the Fe ejecta. 

The most conspicuous feature in the radial velocity distribution of the Fe ejecta in 
Gil. 2-0. 3 is the large ( ^ 1,000 km s~^) differences between the eastern (A, B) and western 
(G, D, E) knots which are projected to be close to the center. Obviously the large blueshifts 
of A, B are quite notable; however, the small Doppler shifts of G, D, E are also rather un- 
expected, given that even the NW filament near the SNR boundary shows more substantial 
radial velocities. We briefly consider two possibilities as the origin of the velocity distribution 
of the knots. First, the small Doppler shifts of G, D, E can be explained if they have been sig- 
nificantly decelerated compared to A, B since the SN explosion. The circumstellar material 
from the progenitor or material from the outer envelop of the SN can in principle be respon- 
sible for the deceleration. Secondly, if there is a systematic velocity shift of ~ -500 km s~^ 
between the eastern and western knots, their velocity discrepancy can be explained as A, B 
move towards us while G, D, E move away from us. Such a systematic yelocity of the SN 



eject a is not rare and has been reported in several other young SNRs (e.g.. iGhavamian et al. 



20051 ). Or, for the case of Gil. 2-0. 3, if the central ejecta have been swept up by the centra l 
PWN, the latter may produce such a systematic velocity (e.g., Ivan der Swaluw et al.l 12004 ). 
We note that the bow-shock like P-V diagram of the knot A can be explained by this sce- 
nario: if the knot A has moved towards us, the ram pressure-conserving reverse shock of the 
SNR can produce such a bow shock feature. 

No other lines are identified from the Fe ejecta in Gil. 2-0. 3 than the He I line from the 
SE filament. This supports the interpretation that the SE filament, in contrast to the other 
knots and filament, has contributions from both the SN ejecta and shocked GSM (Paper 1). 
While the detection of the He I line supports for the existence o f the GSM, the incr eased 
abundances in the best-fit spectrum of the Ghandra X-ray data ([Roberts et al.ll2003l ) may 
reaffirm the existence of the ejecta in the SE filament, although the X-ray spectrum appears 
to be inadeqaute for thorough abundance analyses. On the other hand, the absence of S 
(both S I and S+) and O I in our Subaru spectrum suggests that the Fe ejecta in G11.2- 
0.3 can be much different from those found in 0-rich SNR Gas A (§ 2) in their chemical 
compositions and/or ionization states. Given the ionization potentials of Fe I (7.90 eV), Fe"*" 
(16.18 eV), S+ (23.33 eV), and O I (13.62 eV), it is highly unlikely that S is in S++ while 
Fe is in Fe^, although some O could in principle be 0+. The absence of S indicates that 
the Fe ejecta in Gil. 2-0. 3 may have little contribution from other heavy elements of the SN 
nucleosysnthesis, suggesting that at least part of Fe ejecta in core-collapse SN explosion can 
be produced without intense microscopic material mixing. One way to produce such Fe ejecta 
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in the explosive nucleosynthesis of the core-collapse SNe can be the a-rich freezeout process 
where the high temperature and relatively low density of the shocked innermost layers of a SN 
exclu sively produce the Fe (IWoosley fc Hoffman Ill99ll : iMeyer et al.lll998l : iHwang fc Laming 
20031 ) ■ Therefore, the Fe ejecta in Gil. 2-0. 3 may represent the end product of the explosive 
SN nucleosynthesis via the a-rich freezeout process at the progenitor's core which were 
expelled outside without significant material mixing. 

The prominent mode of the distribution of the dense Fe ejecta in Gil. 2-0. 3 is the 
bipolar pattern along the NW-SE direction of the two filaments. This direction is almost 
perpendicular to the NE-SW elongation direction of the X-ray PWN (Fig. [1]), and the latter 
direction most like ly represents either the rotational (= polar) or equatorial axis of the pulsar 
(IKaspi et al.ll200ll ). It is now generally accepted that the core-collapse SN explos ion is mostly 



asynametric with major explosion along the p r ogenitor's rotational axis (e.g., iJanka et al. 
20051 : iBurrows et al.ll2005l : [Leonard et al.ll2006l : IWheeler et al.ll2008l ). which predicts the Fe 
ejecta from the core to mainly distribute in a bipolar pattern along the rotational axis. 
Therefore, it may be the case that the NW-SE direction of the Fe ejecta represents the 
progenitor's rotational axis along which the SN primarily exploded. If so, the NE-SW 
elongation of the X-ray P WN may correspond t o equatorial flows from the pulsar as observed 
around the Crab pulsar (jWeisskopf et al.ll2000l ). The coUimation angles of the NW and SE 
filaments are somewhat large (~ 60°); however, this is consistent with some predictions of 
core-collapse SN explosions induced by neutrino heating or even magneto-hydrodynamics 
jets. For the latter case, it is required that the progenitor is possessed of normal (or weak) 
magnetic field and slow rotation to have large collimation angles, which agrees with the 
inferred magnetic field (~ 1 .7 x 10^^ G) and observed rotational period (~ 65 ms) of the 



central pulsar of Gll.2-0.3 (ITorii et al.lll999[ ). 
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Fig. 1. — Palomar high-resolution [Fe II] 1.644 fim hne spectra of the five knots (A-E) 
and the NW and SE filaments of Gil. 2-0. 3. The values near the spectrum peak represent 
the peak emission velocities. T he velocities are a fter the subtraction of the +45 km s~^ 
systematic velocity of Gil. 2-0. 3 (iGreen et al.lll988l ). The intensities (i.e., y-axis) of the five 
knots are normalized by the peak intensity of the knot D, while those of the NW and SE 
filaments are normalized by their own peak intensities. The central images present star- 
subtracted [Fe II] 1.644 fim emission of Gil. 2-0. 3 (Paper I), together with locations of the 
knots and filaments as well as the slit positions. In the left panel the contours represent radio 
continuum emission, and the central cross corre sponds to the pul sar J181 1-1925 at (R.A., 
decl.) = (18''11'^29.22% -19°25'27.6") fJ2000: iKaspi et al.l[200l[ ). The two arrows point 
to the slit positions of the NW and SE filaments. The image in the right panel presents a 
magnified view of the [Fe II] 1.644 fim emission around the center along with slit positions of 
the five knots. The thick solid contour represents the elongated X-ray emission of the PWN; 
the dashed red contour does the boundary the PWN determined by radio tomography. 
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Fig. 2. — (a)-(g): P-V diagrams of tiie Fe emission of the ejecta knots and filaments. The 
abscissa corresponds to the offset along the sht. The continuum features in (d) and (g) are 
due to a nearby star. For the knot C, there is no data coverage beyond the offset -10". Note 
that the eastern knot A has weak secondary components redshifted with respect to the main 
component, while B may have multple components. In contrast, the two western knots (C 
and E) and the NW filament show weak secondary components blueshifted compared to the 
main component. 
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Fig. 3. — (a)-(g): Same as Fig. [2], but with the velocity coverage of -1400 and 400 km s^^ 
Also the contours represent the negative pixels to highlight the OH line residuals resulting 
from the subtraction of a dithered frame, while the grey-scale images represent the Fe emis- 
sion as in Fig. [2l Note that the OH line residuls around and/or -1000 km s"^ are visible 
in some panels, especially in (d). 
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Fig. 4. — (a) Subaru near-IR spectrum of the ejecta knot A in the 1.02-2.4 /xm range. The 
intensity is normahzed by the peak intensity of the [Fe II] 1.644 /xm hne. Only the hnes from 
the iron ion (Fe"*") are detected. The inset provides a magnified view of the 1.644 iim hne. 
(b) P-V diagram of the [Fe II] 1.644 hne which reveals a bow shock-like feature. 



